We utilize spin Hall magnetoresistance (SMR) measurements to experimentally investigate the pure spin current transport and magnetic properties of nickel ferrite (NiFe 2 O 4 ,NFO)/normal metal (NM) thin film heterostructures. We use (001)-oriented NFO thin films grown on lattice-matched magnesium gallate substrates by pulsed laser deposition, which significantly improves the magnetic and structural properties of the ferrimagnetic insulator. The NM in our experiments is either Pt or Ta. A comparison of the obtained SMR magnitude for charge currents applied in the [100]-and [110]-direction of NFO yields a change of 50% for Pt at room temperature. We also investigated the temperature dependence of this current direction anisotropy and find that it is qualitatively different for the conductivity and the SMR magnitude. From our results we conclude that the observed current direction anisotropy may originate from an anisotropy of the spin mixing conductance or of the spin Hall effect in these Pt and Ta layers, and/or additional spin-galvanic contributions from the NFO/NM interface.
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The advent of (spin) angular momentum transport without an accompanying charge current, i.e. the flow of pure spin currents, has led to the discovery of several remarkable effects that are relevant for next generation spin electronic devices [1] [2] [3] . Amongst these effects is the spin Hall magnetoresistance [3] [4] [5] [6] [7] [8] [9] in magnetically ordered insulator (MOI)/ normal metal (NM) heterostructures, which enables the detection of novel magnetic phases in MOIs [10] [11] [12] . While initial investigations of the SMR heavily relied on yttrium iron garnet (YIG), the report on the observation of the SMR in many other MOIs ranging from ferrimagnetic 5, 13, 14 to antiferromagnetic [15] [16] [17] [18] [19] order confirms the universality of this effect. The magnitude of the SMR effect crucially depends on the transparency of the MOI/NM interface as well as the spin Hall effect (SHE) and the spin diffusion length of the NM. Nevertheless, the impact of the current direction with respect to the crystalline orientations on the SMR remains up to now unexplored. In this publication we experimentally show that the SMR amplitude in nickel ferrite thin films with bulk-like magnetic properties 20 interfaced with Ta or Pt depends upon the relative orientation of the charge current j compared to the NFO crystal axes.
The heterostructures investigated in this study are NFO/NM bilayers, where the NM is Pt and Ta. The ferrimagnetic NFO thin films (≈ 100 nm) are grown on (001)-oriented MgGa 2 O 4 (MgGO) substrates via pulsed laser deposition. The bulk MgGO single crystals were obtained by the Czochralski method at the Leibniz-Institut für Kristallzüchtung, Berlin, Germany 21 , and substrates were then prepared by CrysTec GmbH, Berlin, Germany. During growth the substrate was kept at 700 • C in an oxygen atmosphere with 10 mTorr. For a) Electronic mail: matthias.althammer@wmi.badw.de the magnetotransport experiments we then defined NM Hall bar structures on top of the NFO with a width of 80 µm and a length of 800 µm via optical lithography, sputter deposition of the NM and lift-off. For the NMs we used Ta and Pt layers, that were deposited ex-situ in an ultra-high vacuum sputtering system with a base pressure of 2 × 10 −9 mbar. The deposition was carried out in an argon atmosphere at 5 ×10 −3 mbar and a growth rate of 2Å/s for both materials. The magnetotransport experiments were carried out in two superconducting magnet cryostats at temperatures T ranging from 5 K to 300 K. One transport setup is based on a 2D-vector magnet with magnetic fields limited to µ 0 H = 7 T and a second has full 3D magnetic field vector control (µ 0 H ≤ 2.5 T). For the resistance measurements we applied a DC current of 10 µA to the Hall bar and measure the longitudinal DC voltage drop. To rule out any spurious thermal voltages, we utilized the current reversal technique as detailed in Refs. 22 and 23. As a first step we investigated the orientation of the sputter deposited Pt layer on top of the NFO layer on (001)-oriented MgGO substrates by x-ray diffraction using a reference sample with a blanket 10 nm thick Pt film. The obtained results for the 2θ -ω are shown in Fig. 1(a) . The sample exhibits reflections from the (001)-oriented NFO thin film and the low intensity (111)-reflection of Pt suggests that Pt grows (111)-textured on top of the NFO layer. Due to the low intensity of the Pt reflection, we were unable to investigate any in-plane epitaxial relationship between Pt and NFO. For a Ta reference sample no reflections originating from the Ta layer were found, thus we do not have information on the growth of Ta on our NFO thin films.
For the magnetotransport experiments we utilized two differently oriented NM Hall bars with respect to the crystalline orientation of the NFO layer as illustrated in Fig. 1(b) . This allows us to investigate the SMR for two different current directions: along the [100]-direction and the [110]-direction of NFO. For the study of the SMR in these samples, we used angle-dependent magnetoresistance (ADMR) experiments 24 .
In ADMR experiments an external magnetic field with fixed magnitude µ 0 H is applied to the sample, while measuring the longitudinal resistivity ρ long of the Hall bar as a function of the orientation of the magnetic field direction h = H/H. In our experiments we rotated the external magnetic field in several planes to investigate the observed magnetoresistance (MR). The first plane is the in-plane (ip) rotation of the external magnetic field, where α is defined as the angle between the charge current direction and h (See inset in Fig.2(a) ). Four more rotation planes have been used in these experiments. Two rotation planes perpendicular to the two charge current directions (oopj, β as defined in the inset of Fig. 2(b) ), and two rotation planes residing in the plane defined by each charge current direction and the surface normal (oopt, γ as defined in the inset of Fig. 2(c) ). We determined the minimum value of ρ long for each ADMR measurement and calculated the relative MR amplitude as the difference with respect to this minimum value divided by this minimum value.
In Fig. 2 we show the ADMR results obtained for Pt and Ta Hall bars on NFO thin films at 300 K and µ 0 H = 2.5 T. We first look into the MR response of the Pt Hall bars for the in-plane rotation plane (see Fig. 2(a) ). Clearly, for both Hall bars we observe two maxima and two minima over the full 360 • rotation and the MR follows a sin 2 -dependence. For the both current directions we observe maxima in the MR for h ⊥ t and minima for h t in agreement with SMR theory 3, 8, 9 . However, the extracted maximum MR for the two current directions is different: For j along the NFO [100]-direction we find a maximum MR of 8.1 × 10 −4 , while for j along the NFO [110]-direction we obtain 1.2 × 10 −3 . This is a 50% change in maximum MR for these two current directions and does not originate from a difference in Pt resistivity as discussed below. To further investigate wether the increase in maximum MR for the in-plane rotation for j along the NFO [110]-direction is only due to the SMR, we also conducted ADMR experiments in the oopj-and oopt-configuration for both charge current directions. These results are shown in Fig. 2(b) for the oopj-configuration and in (c) for the oopt-configuration. For the oopj-configuration we see that the MR does not follow a typical cos 2 -dependence, which can be explained by the large uniaxial anisotropy with the hard axis along the surface normal for NFO 20 . Thus, for the applied field of 2.5 T it is not possible to fully align the magnetization direction m along the out-of-plane direction. Nevertheless, we observe distinct maxima for h ⊥ t and minima for h t. Again we find that in the oopj-configuration the maximum MR for j along the NFO [110]-direction is larger than for j along the NFO [100]-direction. In the oopt-configuration we only observe a negligible angle-dependence of the MR signal (due to the fact that the magnetic anisotropy in NFO still plays a role at the investigated magnetic field magnitude) for both current directions, in agreement with SMR theory 5, 8 . Thus, for both current directions we observe the typical SMR fingerprint in ADMR experiments and can conclude that the observed current direction anisotropy of the MR originates from the SMR. We note that similar results have been obtained in the investigated temperature range from 5 K to 300 K for all three rotation planes. Moreover, we conducted the same ADMR experiments on several different NFO/Pt samples and always found this charge current direction anisotropy of the SMR response, such that we can rule out sample thickness variations as well as changes in the resistivity of Pt as the cause for the observed charge current direction dependence.
For comparison, we also investigated the current direction anisotropy in Ta/NFO Hall bar structures. The extracted MR is shown in Fig. 2(d) for the ip-, (e) for the oopj-, and (f) for the oopt-configuration, respectively. Also for Ta we find an angle-dependence of the MR for the ip and oopj-configuration for both current directions and negligible angle-dependence for the oopt-configuration. Thus also for the Ta layer the sole cause for the observed MR is the SMR. In contrast to the Pt Hall bars, the maximum MR is now larger for j along the NFO [100]-direction (8.4 × 10 −4 for the [100]-direction and 7.7×10 −4 for the [110]-direction). The difference in the maximum MR for Ta is small and thus also the current direction anisotropy of the SMR.
In order to further investigate this current direction anisotropy of the SMR we conducted ADMR experiments in all three orthogonal rotation planes for temperatures 5 K ≤ T ≤ 300 K and a maximum external magnetic field µ 0 H ≤ 7 T. To extract the SMR amplitude from these measurements we simulated the SMR response of ρ long using 3, 8, 9 :
where ρ 0 is the resistivity of the NM layer, when m is collinear to the spin polarization of the spin accumulation in the NM layer induced by the SHE. The SMR amplitude is described by ρ 1 and m t is the projection of m onto the t-direction (t = n×j). For our simulations, we assumed ρ 0 to be field dependent, while ρ 1 is field-independent. For the determination of magnetization direction for each field direction we globally optimized the free enthalpy density normalized to the saturation To better analyze the temperature dependence of the other parameters we first plot the SMR magnitude SMR = ρ 1 /ρ 0 (µ 0 H = 7 T) for Ta and Pt as a function of T for the two different charge current directions in Fig. 3(a) . As evident from this plot, the current direction anisotropy persists for all investigated temperatures. For Pt, SMR is larger for j along the NFO [110] direction over the whole temperature range. At low temperatures (T ≤ 25 K), the difference in SMR magnitude for the current directions in Pt is smaller than at higher temperatures. For the two Ta Hall bars we find that the SMR is larger for j along the NFO [100] direction, albeit the difference is less pronounced than for Pt. Moreover, for T ≤ 75 K the SMR in Ta is larger than in Pt, suggesting that Ta might be the better choice for SMR investigations at low temperatures.
For the magnetic anisotropy determined from these ADMR experiments, we find that B 001 monotonically increases with decreasing temperature as illustrated in Fig. 3(b) . Such a behavior could be either explained by the increase in saturation magnetization or due to strain effects caused by the difference in thermal expansion of the MgGO substrate and the NFO layer. As we do not observe any saturation behavior at low temperatures, which one would expect for the shape anisotropy contribution of a thin film, we conclude that B 001 is dominated by the strain in the NFO layer . This finding agrees well with the previous analysis of the uniaxial out-ofplane magnetic anisotropy in bulk-like NFO thin films 20 .
In order to further investigate the origin of the observed cur- rent direction anisotropy of the SMR, we compared the temperature evolution of the ratios in SMR to the temperature dependence of the ratio of the conductivities σ for the two different current directions for Pt and Ta. The result of this analysis is shown in Fig. 4 . As evident from Fig. 4(a) , Pt also exhibits a current direction anisotropy of the conductivity. However, this anisotropy in conductivity cannot be the only reason for the observed SMR current direction anisotropy as the conductivity ratio and the SMR ratio have a quite different dependence on temperature. shows a more complex non-monotonic temperature dependence. At high temperatures, the SMR ratio remains rather constant at 0.69, then starts to increase for T ≤ 200 K and reaches a maximum value of 0.76 for 10 K ≤ T ≤ 25 K. From this we conclude that it is not possible to simply correlate the observed current direction anisotropy of the SMR to the anisotropy of the conductivity for Pt. For Ta as illustrated in Fig. 4(b , we find a slight decrease with decreasing temperature from 1.09 at room temperature down to 1.07 at T = 5 K. Nevertheless, the evolution of these two ratios with temperature is rather different and thus again we can not find an universal relation between the two for Ta.
Even though we carried out temperature-and fielddependent ADMR experiments on the NFO/NM sample, the origin of the current direction anisotropy of the SMR in these samples is difficult to determine. From our experiments we conclude that a texturing of the NM layer seems to increase this anisotropy. In our opinion there are three possible contributions to the SMR that are responsible for the current direction anisotropy. One possibility could be that the spin mixing conductance relevant for the spin current flow across the NFO/NM interface exhibits an anisotropy for the alignment of the spin orientation with respect to the NFO crystal. As the direction of the spin orientation at the NFO/NM interface in the SMR experiments depends on the charge current direction, the transparency of the interface could be different for the two investigated charge current directions and thus the SMR magnitude might also be different. However, to our knowledge such an anisotropy of the spin mixing conductance has never been experimentally observed or theoretically postulated. A second possible mechanism would be an anisotropy of the spin Hall effect in the NM with respect to the charge current direction. Thus, the amount of spin current generated depends on the charge current direction and leads to an anisotropy of the SMR amplitude. Such an anisotropy of the SHE has been theoretically predicted based on ab-initio calculations, but only for materials with hexagonal symmetry 25 . Last but not least, the bulk spin Hall effect is not the only cause for the conversion of a charge current into a pure spin current in a NM. It is quite possible that contributions from the spin-galvanic effect [26] [27] [28] [29] [30] [31] [32] arising at the NFO/NM interface also give rise to additional contributions to the SMR. As the spin-galvanic effect is caused by spin-orbit fields as a result of the broken inversion symmetry at the NFO/NM interface, it is quite possible that such a contribution depends on the charge current direction. In such a scenario the combined action of bulk SHE and interfacial spin-galvanic effect will determine the SMR magnitude and cause the observed current direction anisotropy, as previously observed in epitaxial Fe/GaAs heterostructures 33 . Clearly, determining the origin of the current direction anisotropy requires more sophisticated experiments, which is beyond the scope of this publication. However, our first promising results suggest that understanding this anisotropy in the SMR may provide an additional pathway to engineer the spin current transport across MOI/NM interfaces.
In summary, we showed that the SMR from NFO thin films with bulk-like magnetic properties grown on MgGO substrates interfaced with Ta and Pt is comparable to results obtained on the prototype ferrimagnetic insulator YIG, such that these NFO thin films are well suited for pure spin current experiments in agreement with already published results 34 . Our results further illustrate that one can change the SMR amplitude and thus also the amount of spin current across the MOI/NM interface by changing the charge current direction. While at the current stage of our investigations we can not pinpoint the physical origin of the observed charge current direction anisotropy, we have to consider at least three possible reasons. First, it may originate from an anisotropy of the SHE in textured or even epitaxial NM layers. Second, spin-galvanic contributions originating from the inversion symmetry breaking at the MOI/NM interface have to be taken into account. Third, an anisotropy of the spin mixing conductance in NFO may explain the observed behavior. From this perspective, further experiments on fully epitaxial MOI/NM systems are expected to allow for a further clarification of possible origins. Moreover, a more systematic investigation of the charge current direction anisotropy in these NFO/Pt bilayers may allow to find a clue to the underlying symmetry of the charge current direction anisotropy of the SMR. Our results presented here open up a new avenue for engineering the charge current to spin current conversion in MOI/NM heterostructures.
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